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Foreword

‘ﬂhardening against the electromagnetic pulse\\;Vulnerability to Electromagnetic Pulse Effects, *
and high power microwave radiation is an impor- | recommended that “There should be a better
tant part of Harry Diamond Laboratories’ mission, - understanding of the mechanisms of component
and semiconductor modeling is an important com-; failure...
ponent of the hardening effort. Vital to sem«conduc ¥
tor modeling of burnout are the transport propertlesl he theoretical work included in this report pro-
of semiconductors at high fields and high tempera-; vides physical insight into the damage mechan-
tures. At present, there is no single expression| isms and should lead to nondestructive means of
valid for this hot electron regime. The results of this! characterizing specific dewces
study will be used in the thermal moditication of the
DIODE2D program, now underway. :
|
A recent report of the National Research Cour;/

_ ; A . ; *Defense Nuclear Agency, DNA-TR-84-78, National Academy
cil, Evaluation of Methodologies for Estimatin

Press (1984), 4.
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1. Introduction

Simple empirical equations for the drift veloc-
ities of electrons and holes as a function of electric
fields, temperature, and doping levels are needed
for device simulation. A review of charge transport
properties of silicon, including phenomenological
expressions, was given by Jacoboni et al.” How-
ever, none of their expressions included all three of
the variables of interest. Schwarz and Russek?
presented semi-empirical equations for electrons
in silicon, but their expressions are not simple to
use. The well-known empirical equation of Schar-
fetter and Gummel3 is for room-temperature only.

2. Derivation of Equation

The equation of Scharfetter and Gummel3 for
the drift velocity, v, as a tunction of fieid, E, and
doping level, N, is

Vg = uEA{1 + N/(N/S) + Ng]
+ (EIA(EIA) + F) + (E/B)}}) 2, (1

where y, is the low-field mobility and all other sym-
bols are fitting parameters. The temperature de-
pendence of u, is generally given as

Mo =CT7, (2

where T is temperature and C and y are constants.
The power dependence varies according to the
investigator, but is usually around 2.5 for both holes
and electrons.

The temperature variation of the saturation ve-
locity, vg, for electrons was measured by Duh and
Moll.4 Their data are plotted on a log-log scale in
figure 1. It is seen that there is a close fit to a power
law, i.e.,

T¢ Jacovboni, C Canali. G. Ottaviani. and A. Alberigi Quaranta,
A Review of Some Charge Transport Properties of Silicon, Solid-
State Electron . 20(1977), 77-89.

25 A Schwarzand S E. Russek. Semi-Empirical Equations for
Etectron Velocity in Sthcon. Part 1—Bulk, IEEE Trans. Electron.
Devices. £D-30 (1983). 1629-1633.

D L Scharfetter and H K. Gummel, Large-Signal Analysis of
a Siicon Read Diode Oscillator. IEEE Trans. Electron. Devices,
ED- 16 (1969), 64-77

4C Y Duh and J L Moll. Temperature Dependence of Hot
Electron Dritt Velocity at High Electric Field, Solid-State Elec-
tron. 11 (1968), 917-932

vs = K[T‘/! , (3)
in the range above room temperature.

An empirical expression for v is given by
Jacoboni et al’ as

vg =v*[1 +Gexp (1/9)], @)

where v* = 2.4 x 107 cmi/s, G = 0.8, and © = 600 K.
This expression is also plotted in figure 1.

The saturation velocity from (1) is found to be
Ve = u,B. 5
By equating (3) and (5) we obtain, from (2),
B=DTr ", (6)

where D = K/C. Finally, using (2) and (6) in (1) we
obtain our desired expression,

Vg = (CTTEM[1 + NI(N/SINR)

+ [(E/A)ZM(E/A) +F]+ (E/DT—‘/:)2]‘/: )
2x10’ v SO —
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Figure 1. Saturation velocity as function of T. Points are
measured data of Duh and Moll.4 Dashed line is from equa-
tion (4) and solid line from equation (3).

3. Results

Plots of v, from equation (7) for electrons in sili-

con are given in figure 2 for N = 0 at 300, 400, 500,
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and 600 K. The parameters used are listed in ta-
ble 1. Also plotted in figure 2 are 600-K curves for
doping levels of 1x10'7, 1x10'8, and 1 x 1019
cm=3, All curves are seen to be smooth. Room-
temperature plots of v, as a function of E for vari-
ous doping levels may be found in Jacoboni et al.?
Plots of the temperature dependence of v, at fixed
fields show a gradual decrease in the exponent of T
from y at low fields to 1/2 at high fields. Plots have
been made of hole drift velocities from equation (7)
and from the parameters of table 1, and they also
show smooth variations.

10

DRIFT VELOCITY (cm/s)

1 1

? 10! 10°

FIELD (V/cm)
Figure 2. Electron drift velocity from equation (7) with
parameters of table 1. Solid curves are for N =0 and con-
stant temperatures (K) as labeled. Dashed curves are for
T =600 K and doping densities (cm‘3) as labeled.

10!

10*

Table 1. Parameters used in equation (7) for
calculating drift velocities

(s A S JMEn U e e A JRARL A g Jhhe Dt

Parameter Electrons Holes Units
A 3s5x103 6.1x 103 viem
c  143x109 1.35x 108 em2krv=1s~1
D 129x10”! 137 emK 2 r5™1
F 8.8 1.6 —
Ng 3x10'6 4x1016 em™3
S 350 81 —_
y 2.42 2.2 —

Tc Jacobony, C. Canali, G. Ottaviani, and A. Alberigi Quaranta.

A Review of Some Charge Transport Properties of Silicon, Sold-
State Electron, 20 (1977), 77-89.

Cook and Frey°> have measured the high-field
electron drift velocity in silicon-on-sapphire (SOS)
films doped to N =2 x 107 ¢cm~3. Their data are
plotted in figure 3. Also plotted in this figure are cal-
culations based on equation (7) and the parameters
of table 1. The low-tield mobility was reduced by 50
percent in a second calculation, also plotted in
figure 3. To show the flexibility of (7), the parameter
F was set at = (i.e., the third term of the denomina-
tor was set to zero), and the lower mobility calcula-
tion was repeated. The fit to the experimental data
is quite good. Schwarz and Russek? predict the
steeper rise in the velocity-field profile in doped
silicon. When further data are available, the param-
eters A and/or F could perhaps be made dependent
upon the doping level.
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Figure 3. Electron_drift velocity as function of field for
N=2x10"1 cm™3 and room temperature. Experimental
points with error bars are from Cook and Frey.5 Upper
dashed curve is from equation (7) with table 1 parameters.
Lower dashed curve is calculated with lower mobility, but
same saturation velocity. Solid curve shows latter mobility
with third term of denominator of equation (7) omitted.
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ATTN FREDERICK A. MORSE
ATTN J. W. TAYLOR

ATTN L. B. WARNER

LOS ALAMOS, NM 87545

MARTIN MARIETTA ORLANDO
AEROSPACE

PO BOX 5837, MP 480

ATTN DR. B. L. CLARK

ATTN MR, CHARLES R. CRANFORT

SAND LAKE ROAD

ORLANDO, FL 32855

MAXWELL LABORATORIES, INC
ATTN F. MARC de PIOLENC
8835 BALBOA AVENUE

SAN DIEGO, CA 92123

McDONNELL DOUGLAS CORPORATION
McDONNELL DOUGLAS RESEARCH LAB
PO BOX 516
ATTN D. P. AMES,

DEPT. H220, BLDG. 110
ST LOUIS, MO 63166

MISSION RESEARCH CORPORATION
CAPITOL BUILDING II, SUITE 201
ATTN DR. BRUCE GOPLEN

5503 CHEROKEE AVENUE
ALEXANDRIA, VA 22312

MISSION RESEARCH CORPORATION
PO BOX 279

ATTN MS. DAWN HIGGS
SPRINGFIELD, VA 22150

THE MITRE CORPORATION

TECHNICAL REPORT CENTER

ATTN DR. J. R, VAN ZANDT, H-060
BURLINGTON ROAD

BEDFORD, MA 01730
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PACIFIC-SIERRA RESEARCH CORPORATION
ATTN LEONARD SCHLESSINGER

12340 SANTA MONICA BLVD

LOS ANGELES, CA 90025

PHYSICS INTERNATIONAL

ATTN EMIL KOVTUN, J. BENFORD
ATTN ALAN J. TOEPFER

2700 MERCED STREET

SAN LEANDRO, CA 94577

PULSE SCIENCES INC

ATTN PHILIP D'A, CHAMPNEY
14796 WICKS BLVD

SAN LEANDRO, CA 94577

QUEST RESEARCH CORPORATION
ATTN ROBERT S. OHANESIAN
6858 OLD DOMINION DRIVE
McLEAN, VA 22101

RAND

ATTN ALEXANDER F. BREWER
1700 MAIN STREET

SANTA MONICA, CA 90406

R&D ASSOCIATES

PO BOX 9695

ATTN MR. B. MOLLER
MARINA DEL RAY, CA 90291

SAFSS
ATTN LTC MARK HODGESON
WASHINGTON, DC 20330

SANDIA NATIONAL LAB
PO BOX 969 DIV. 8341
ATTN MURRAY S, DAW

LIVERMORE, CA 94550

SANDIA NATIONAL LAB

PO BOX 5800

ATTN CHARLIE R. BLAINE
ATTN KENNETH R, PRESTWICH
ATTN MAX B. SANDOVAL
ALBUQUERQUE, NM 87185

SCIENCE APPLICATIONS, INC
ATTN LINDA WHITMEYER

1215 JEFFERSON DAVIS HIGHWAY
SUITE 310

ARLINGTON, VA 22202

SCIENCE APPLICATIONS, INC

ATTN DR. EDWARD CORNET

ATTN DR. ADAM T. DROBOT,
DIV, 157

1710 GOODRIDGE DRIVE

McLEAN, VA 22102
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DISTRIBUTION

SCIENCE APPLICATIONS, INC

ATTN CHARLES L. YEE

#5 PALO ALTO SQUARE, SUITE 200
PALO ALTO, CA 94306

W. J. SCHAFER ASSOCIATES, INC
ATTN DOCUMENT CONTROL

1901 N. FT MYER DR.

SUITE 800

ARLINGTON, VA 22209

W. J. SCHAFER ASSOCIATES, INC
CORPORATE PLACE 128

BUILDING 2, SUITE 300

ATTN DR. JAMES P, REILLY
WAKEFIELD, MA 01880

SYRACUSE RESEARCH CORPORATION

TTN DR. D. T. AUCKLAND

MERRILL LANE

SYRACUSE, NY 13210

SRI, INC

ATTN DR. GERALD AUGUST,
ELECTROMAGNETIC SCIENCES
LABORATORY

333 RAVENSWOOD AVENUE

MENLO PARK, CA 94025

TITAN SYSTEMS, INC

ATTN DOCUMENT CONTROL, LB

9191 TOWNE CENTRE DRIVE, SUITE 500
SAN DIEGO, CA 92122

TRW DEFENSE SYSTEMS GROUP
ATTN PRAVIN G. BHUTA,
MS 132/9085
ATTN E. V. RUTKOWSKI,
81/1526
ONE SPACE PARK DRIVE
REDONDO BEACH, CA 90278

TRW SPACE & TECHNOLOGY GROUP
DIRECTED ENERGY LABORATORY
ATTN DR. ZAVEN G, GUIRAGOSSIAN
ONE SPACE PARK

REDONDO BEACH, CA 90278

VARIAN ELECTRON DEVICE GROUP
ATTN MR. IRV MALTZER, E-¥19
611 HANSEN WAY

PALO ALTO, CA 94303

XEROX CORPORATION

PALO ALTO RESEARCH CENTER
ATTN DONALD L. SCHARFETTER
PALO ALTO, CA 94304
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CORNELL UNIVERSITY

SCHOOL OF ELECTRICAL ENGINEERING
ATTN DR. JEFFREY FREY

ITHACA, NY 14853

UNIVERSITY OF NEBRASKA

DEPARTMENT OF ELECTRICAL ENGINEERING
ATTN PROF. FRAZER WILLIAMS

LINCOLN, NE 68588

POLYTECHNIC INSTITUTE OF NEW YORK
ROUTE 110

ATTN PROF. ERIC E. KUNHARDT
FARMINGDALE, NY 11735

US ARMY ELECTRONICS RESEARCH &
DEVELOPMENT COMMAND

ATTN COMMANDER, AMDEL-CG

ATTN TECHNICAL DIRECTOR, AMDEL-CT

ATTN PUBLIC AFFAIRS OFFICE, AMDEL~IN

HARRY DIAMOND LABORATORIES

ATTN D/TSO/DIVISION DIRECTORS
ATTN RECORD COPY, 81200

ATTN HDL LIBRARY, 81100 (3 COPIES)
ATTN HDL LIBRARY, 81100 (WOODBRIDGE)
ATTN TECHNICAL REPORTS BRANCH, 81300
ATTN LEGAL OFFICE, 97000

ATTN B. ZABLUDOWSKI, 47400 (GIDEP)
ATTN CHIEF, 21000

ATTN CHIEF, 21200

ATTN CHIEF, 21300

ATTN CHIEF, 21400

ATTN CHIEF, 22000

ATTN CHIEF, 22100

ATTN CHIEF, 22300

ATTN CHIEF, 22500

ATTN CHIEF, 22800

ATTN CHIEF, 22900

ATTN CHIEF, 20240

ATTN CHIEF, 11100

ATTN E. BROWN, 00211

ATTN H. DROPKIN, 15100

ATTN A. STEWART, 20240

ATTN S. SHARE, 22100

ATTN R. GARVER, 22500 (4 COPIES)

ATTN J. SCZEPANSKI/R, CLAFFY, DRXCM-RC
ATTN F. AGEE/S. GRAYBILL, 22900

ATTN A. WARD, 22500 (20 COPIES)
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